Membrane events during milk fat secretion were analyzed by freeze-fracture of the rat mammary gland. Two modes of milk fat secretion were observed: extrusion of fat droplets surrounded by a portion of the apical plasma membrane of the alveolar epithelial cells and, less frequently, release into the alveolar lumen of fat droplets contained in intracytoplasmic vacuoles. The extrusion process consists of two asynchronous events: clearing of membrane particles (probably including integral membrane proteins) and bulging of the apical plasma membrane. Most fat droplets are extruded with a bilayer membrane envelope (milk fat globule membrane) partially devoid of particles. The segregation of membrane particles may represent the onset of a process of structural degradation of the milk fat globule membrane.
Under the complex hormonal environment and other stimuli of pregnancy and onset of lactation, the resting mammary gland is transformed into an actively secreting organ (8, 40) . This process of growth and differentiation leads to the extensive development in the alveolar epithelial cells of rough endoplasmic reticulum, Golgi apparatus, and other endomembranes which are involved with the plasma membrane in the synthesis and secretion of milk (2-4, 9, 15, 16, 20, 28, 35, 37, 42) .
The ultrastructural, physiological, and biochemical aspects of lactation have been investigated (4, 9, 16, 23, 35, 42) . Early ultrastructural observations demonstrated that, during milk fat secretion, most lipid droplets are extruded into the alveolar lumen with a bilayer membrane envelope derived from the cell plasma membrane (2, 3) . This secretion mechanism, as well as biochemical (10, 21, 28, 30) and morphological (10) evidences, led to the deduction that in freshly drawn milk the fat globule is still surrounded by a membrane (milk fat globule membrane, MFGM; for review see references 1, 29) . Other studies provided additional aspects of milk fat secretion, namely on the origin, composition, and mechanism of formation and stabilization of the MFGM: (a) Golgi vesicles have been reported to contribute directly to the formation of the MFGM (45); (b) lipid droplets included in intracellular secretory vacuoles can be secreted without participation of the plasmalemma (47) ; (c) after secretion, the membrane of the milk fat globule may undergo a process of vesiculation and fragmentation and is gradually lost (14, 38, 44, 46) ; (d) some fat droplets are extruded with a crescent of cytoplasm TxE JouaNAL OF CELL BIOLOGY 9 VOLUME 76, 1978 " pages 767-778 (12, 13, 22, 36, 37, 39, 48) ; and (e) enzymic and chemical analysis of the MFGM detected "marker enzymes" of Golgi apparatus (24, 25, 34) and endoplasmic reticulum (17, 25) .
We have studied the freeze-fracture morphology of the apical membrane of the rat mammary gland during lactation. Our results show that the process of extrusion of fat droplets generally coexists with regional segregation of integral components of the apical plasmalemma.
MATERIALS AND METHODS
The inguinal mammary glands of Spragne-Dawley rats, aged 8-10 wk during the first pregnancy and 20-22 wk during the second pregnancy, were used 2 days before and 1, 4, 6, and 14 days after parturition. The animals were anesthetized with 0.2 g of sodium pentobarbital, intraperitoneally, and the tissue samples were fixed by immersion in 3% glutaraldehyde in 0.1 M sodium cacodylate, pH 7.4, for 2 h at 4~ After fixation the specimens were washed in buffer, gradually impregnated in 28% glycerol in 0.1 M sodium cacodylate, pH 7.4, placed on gold specimen holders, and rapidly frozen in partially solidified Freon 22 (26) . The specimens were freeze-fractured at -ll0~ in a Baizers 300 apparatus (Balzers AG, Balzers, Lichtenstein) equipped with a turbomolecular pump, shadowed at 45 ~ with a platinumcarbon electron gun, and reinforced by carbon at 90*. The replicas were cleaned with a 5% sodium hypochlorite solution containing 2.5% sodium deoxycholate and 2.5% Triton X-100 for 24 h, followed by a 2:1 chloroform:methanol mixture, rinsed in distilled water, mounted on uncoated grids, and observed with a Jeol 100C electron microscope at 80 kV. The micrographs are mounted with shadow direction from bottom to top; shadows are white. Interpretation and nomenclature of fracture faces are given elsewhere (32) .
RESULTS
The lactating rat mammary alveoli are formed by actively secreting cuboidal epithelial cells, arranged in a monolayer around a lumen where casein micelles, fat droplets, and other secretory products are collected (Fig. 1) . The apical plasma membranes of these cells delimitate the lumen and are directly involved in the secretory process. The lateral membranes between neighboring cells present junctional complexes for intercellular contact and sealing of the alveolar lumen ( Fig. 1 ; see reference 33 for illustrations). The basal membranes, in close relation with myoepithelial cells, capillaries, and extracellular connective structures that surround the alveoli, are involved in the uptake of blood-borne substances essential for milk biosynthesis.
Before the onset of fat secretion, a large amount of fat droplets is accumulated in the apex of the mammary epithelial cells. The lumina of the alveoli are already filled with numerous milk protein components. The casein granules are easily identiffed by their typical profiles consisting of fiat, circular clusters of rugosities without enveloping membrane. The fracture-face A of the apical plasma membrane presents an apparently random distribution of numerous membrane particles, and views of microvilli. The particles are also present in the fracture faces of the microvilli.
The observation of the apical plasmalemma during lactation revealed structural alterations related to milk fat secretion (Figs. 2-11, and 13). A mild or pronounced bulging of microvilli-free regions of the membrane was observed. These areas were either smooth, i.e. devoid of particles ( Fig. 2) or, less frequently, showed no alteration of particle distribution in relation to the surrounding apical plasmalemma. Fractures which allowed for simultaneous view of the plasma membrane and cytoplasm (Figs. 3, 5, and 7-9) showed that the bulges were occupied by fat droplets, sometimes associated with small portions of intracellular components. The events of fat droplet extrusion could be reconstructed from views of A and B faces of the apical plasma membrane and crossfracture profiles. These included the gradual enveloping of the fat droplets by the apical plasmalemma. Frequently, the fracture-face A of the fat droplet membrane envelope displayed a smooth, particle-free surface in continuity with apical plasma membrane regions which presented an unaltered pattern of particle distribution (Figs. [3] [4] [5] [6] . Equivalent aspects of membrane particle clearing on the fracture-face B were also observed ( Fig. 8 ). Less frequently, the fat droplets were enveloped by a membrane presenting a fracture face with particles ( Fig. 9 ). Intermediate aspects consisting of emerging droplets surrounded by a membrane with some particle-free areas and the consecutive extrusion of more than one fat droplet were also observed. Other observations suggested that the secretion of larger fat droplets could also occur by extrusion of its components enveloped by a particle-free membrane as if the fat was being squeezed through a "locus minoris resistentiae" of the cell membrane (Figs. 10 and 11 ).
In the cytoplasm of the lactating cells most fat droplets showed smooth fracture faces. By cross fracture they often displayed a lamellar or paralamellar organization. Intracellular vacuoles con- lipid droplets surrounded by numerous, small (fat?) globules with a smooth fracture face were occasionally observed (Fig. 12) . The following observation suggested that the secretion of these fat droplets followed a mechanism different from that of fat droplets which have no membrane: intracytoplasmic vacuoles were observed in close contact with the apical plasma membrane, and the region of the alveolar lumen directly opposite to these vacuoles presented emerging particle-free globules suggesting that fat was being released through a small opening in the plasmalemma (Fig. 13) .
In the alveolar lumen, milk fat appeared as globules, heterogeneous in size and structure (Figs. 1, 14, and 15) . Fracture usually followed a plane close to the surface; most fracture faces were smooth (Fig. 1) . 1 Less frequently, a membrane with particles was seen around one or more globules (Fig. 14) . In this case, the pattern of distribution of particles on the membranes enveloping fat globules ranged from uniform to segregated (Fig. 14) or reticulated. Cross fracture of the fat in the lumen revealed aspects similar to those observed in the cytoplasm (Figs. 14 and  15 ). Fat globules surrounded by cytoplasmic crescents were also observed. Other observations suggested the incorporation of small lipid droplets in larger globules, as well as the blebbing off of
The smooth surface of most fat globules observed in the alveolar lumen probably corresponds to the fracture face of the fat globule membrane in view of the clearing of membrane particles during extrusion, and the concept of membrane splitting in freeze-etching (31) . In some instances it might also correspond to the fracture through an outer lipid lamella of the fat globule. In this case, the cross-fracture profile of the fat globule membrane should often be evident (see Figs. 5 and 14) .
segments of the membrane envelope of the fat globules (Fig. 15) .
DISCUSSION
Analysis of freeze-fracture results indicates two possible modes of milk fat secretion: (a) extrusion of the fat globule surrounded by a portion of the apical plasma membrane, the prevalent mechanism; and (b) release into the alveolar lumen of free fat globules, i.e. without enveloping membrane, a process observed much less frequently and restricted to the secretion of small fat droplets contained within intracellular vacuoles.
The fracture faces of the apical plasmalemma during the extrusion of fat droplets illustrate two membrane events: clearing of membrane particles and bulging of the plasma membrane. In some instances, as the droplets are pushed out of the cell there is a progressive clearing of particles in the areas of membrane bulging so that, at the moment of separation from the cell, the globule is surrounded by a bilayer membrane without particles. In others, the extrusion process is not preceded nor accompanied by clearing of membrane particles, and so, the extruded fat globules are enveloped by a membrane with particles. Intermediate aspects, i.e. fat droplets extruded with a variable degree of membrane particle clearing, are also found. In consequence, our results demonstrate an asynchronism between bulging of the plasma membrane and redistribution of integral membrane components, as revealed by the progressive clearing of particles. The extrusion of fat droplets with a bilayer membrane envelope supplied by the apical plasmalemma of mammary epithelial cells has been described in thin-section studies in several species (2-4, 11-13, 16, 22, 35, 36, 39, 41-43) . Our freeze-fracture results I~OURE 2 Initial events of fat droplet extrusion. The fracture-face A (aa) of the apical plasma membrane shows bulging of particle-free areas (arrows). Microvilli are observed on cross fracture, x 40,000. F~CUaE 3 Fracture-face A (aA) of an area of bulging of the apical plasma membrane, allowing a simultaneous view, on cross fracture, of a fat droplet (.fd) underneath. The smooth area of the apical plasmalemma (*) is clearly demarcated from the area with particles. L, alveolar lumen, x 30,000.
FI~UaE 4 High magnification of the transition from the area with particles to the smooth area of the apical plasmalemma of Fig. 3 shows the continuity of these membrane segments, x 120,000.
FIGu~ 5 Fracture-face A (an) of an area of the apical plasmalemma with particle clearing (*). The outer lipid lameUa of a fat droplet is exposed, and the cross-fracture profile of the surrounding apical membrane is evident (arrowheads)? L, alveolar lumen, x 40,000.
show that this process is often accompanied by segregation of membrane integral components. 2 It is also possible that, during extrusion, peripheral membrane components at the inner surface are segregated. This could facilitate the extensive bulging of the apical cell membrane during the extrusion process and account for the absence of actin and spectrin in MFGM preparations (19) ) Less frequently, fat droplets seemed also to be released from intracytoplasmic vacuoles into the alveolar lumen. Our findings agree with previous thin-section observations (47) . This exocytotic mechanism presumably involves the fusion of the secretory vacuoles, containing lipid droplets and other secretory products (47) , with the plasmalemma, and results in the release of fat globules without an enveloping membrane.
Morphological and biochemical studies of secretion in different cells, including mammary epithelial cells during lactation, provide evidence for a continuous turnover between endomembranes and the plasma membrane segments related to the secretory processes (20) . These events could explain the presence of Golgi (24, 25, 34) and endoplasmic reticulum enzymes (17, 25) in MFGM preparations and their phospholipid composition intermediate between that of the Golgi and the plasma membranes (34), even if contami-2 Although clearing of membrane particles was more frequently observed, it may eventually not correspond to the prevalent mechanism if the extrusion without particle segregation is accomplished faster. a The segregation of actin during extrusion is, in view of the particle rearrangements which we observed, a preferable alternative to account for the absence of actin in MFGM preparations. Mammary epithelial cell surface antigens (6) and concanavalin A binding sites (18) have been detected in MFGM. It is not established, however, whether these sites correspond to integral or peripheral membrane proteins.
nations from cytoplasmic components extruded with some fat droplets could be avoided (29) or if the Golgi vesicles did not contribute directly to the formation of the MFGM (45) . In consequence, the enzymic or chemical analysis alone cannot provide definitive evidence for the origin of the membrane of the fat globule, but must be seen in perspective with cell membrane dynamics. After fat secretion, electron microscope observations suggest that, in some globules, the membrane is gradually lost by a process of fragmentation and vesiculation (5, 14, 38, 44, 46) . It is possible that during and after structural degradation of the membrane envelope of the fat globules, lipid and protein components of the initial (44) fat globule membrane may be adsorbed to the surface of the fat globules (14) . Thus, the unit membrane profiles observed on thin sections of MFGM preparations, obtained from cream by freezing, sonication, and other procedures (20, 21) , may represent not only initial MFGM but also reflect bilayered structures reconstituted be, fore and during the isolation procedures. The structural rearrangement of the MFGM during or after secretion has been postulated to account for some biochemical and ultrastructural results (14, 21, 27) . However, it has been recently assumed that the overall composition of the MFGM relative to the plasma membrane of the alveolar epithelial cells is not affected (19) . Unfortunately, analysis of the apical plasmalemma of the lactating mammary cell is not accessible (34) .
Our freeze-fracture observations suggest that the events which occur within the apical membrane during milk fat secretion may account for some compositional (19) , physicochemical (7), and ultrastructural (14, 21) differences between MFGM and plasma membrane preparations. The mechanism of segregation of membrane particles is, at present, unclear. It is possible that the FIGURE 6 Final events of fat droplet extrusion. Membrane particles are absent on fracture-face A (aA) of the apical plasma membrane which envelops the fat droplet. L, alveolar lumen, x 27,000. Fig. 6 . The fracture process exposed the lameilar appearance of the fat droplet (.fd). Membrane particles are observed on the area of the plasma membrane which surrounds but is not in direct contact with the fat droplet (arrowheads). aA, fracture-face A of the apical plasma membrane.
FIGUIE 7 Stage equivalent to
• 40,000. reorganization of the membrane integral components results from the interaction between the fat droplet core and the apical plasma membrane, during extrusion. It might also involve the concomitant displacement of peripheral membrane proteins at the inner surface.a In summary, the process of segregation of integral components from areas of plasmalemma which envelop the fat droplets may differentially restrict the membrane components which form the milk fat globule membrane. This could correspond to an initial event of membrane structural degradation, which progresses after extrusion. Although most of the components found in purified preparations of M F G M were at one time associated with the apical plasmalemma, the fat globule membrane cannot be considered as structurally identical to the apical membrane of the mammary epithelial cells.
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Received for publication 13 July 1977 , and in revised form 24 October 1977. FiGt.ri~ 10 and 11. Extrusion of fat droplets (fd) suggesting the sqee~dng through a "locus minoris resistentiae" of the apical plasma membrane. Fig. 10 , the fat material is surrounded by the apical plasma membrane, without particles (an). L, alveolar lumen. • 35,000. Fig. 11 , dumbbell profile as a result of a constriction at the plasma membrane level.
• 17,000. Fig. 14 , fracture-face A of a fat globule membrane with a smooth particle-free area. The arrowheads point to the cross-fracture profile of the fat globule membrane? x 38,000. Fig. 15 , vesiculation process of the fat globule membrane. The segment of blebbing (arrowhead) presents a fracture face with an irregular distribution of particles, x 38,000.
